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Comment on’Attempts to test an alternative electrodynamic theory of
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Institute of Natural Philosophy
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It is argued that alternative electrodynamics of superconductivity proposed by Hirsch lacks math-
ematical rigour and it is conceptually flawed. Gauge non-invariance of the theory makes justification
of the experiment reported in [arXiv:1607.05060] to test its prediction doubtful. It seems even with
improved techniques the outcome would remain inconclusive.
PACS numbers: 74.20.Mn, 74.20.De
Recent experiment [1] measures the effect of an electro-
static field applied to a niobium superconducting sample
using a sharp metal tip in an atomic force microscopy
setup. The authors have carefully and critically exam-
ined the empirical data to conclude that within the accu-
racy of their measurements the validity of an alternative
superconductivity electrodynamics proposed by Hirsch
[2] remains undecided. A natural question arises whether
the inconclusiveness of the experimental test is due to the
technical limitations of the experiment or the alternative
theory being tested has pitfalls/ambiguities. My aim in
the present note is to address this question.
Peronio and Giessibl [1] term a London superconductor
obeying following equations
∂J
∂t
=
nse
2
m
E (1)
∇× J = −
nse
2
mc
B (2)
Here the current density of superconducting electrons is
J, ns is their number density and m is the free elec-
tron mass. The alternative suggested by Hirsch replaces
Eq.(1) by
∂J
∂t
=
nse
2
m
(E+∇Φ) (3)
while retaining Eq.(2) as such. One of the consequences
of the modification (3) is that the applied electric field is
screened over a London penetration length λL that arises
for the screening of the magnetic fields via Eq.(2). In con-
trast to this, for a London superconductor the screening
length is the Thomas-Fermi screening length λTF just
like for a normal metal. The experiment [1] tests this
prediction.
To put the matter in perspective recall that Hirsch
has raised some interesting and important questions on
the BCS theory of superconductivity [3]. The unconven-
tional alternative advocated by him is the theory of hole
superconductivity being developed by him and his col-
laborators for past many years. The perusal of some of
his papers related with the topic of the present comment
shows that his main objective is to gain support to the
hole superconductivity. Koyama [4] has, in fact, offered
a nice critique to the issue of the electric field screen-
ing length in a superconductor questioning the validity
of the assertions made by Hirsch [2, 5]. Hirsch in his
response [6] notes that the validity of ’the new electrody-
namic equations for superconductors’ should be decided
by experiment. Seen in this light the work reported in
[1] would seem to be well motivated. However the the-
oretical arguments put forward by Hirsch [6] essentially
amount to the criticism of BCS theory. On the other
hand the set of Equations (1) to (3) is independent of
microscopic origin, for example, BCS theory of super-
conductivity. Therefore, it should be possible to study
the validity of Hirsch electrodynamics irrespective of the
validity or otherwise of the BCS theory.
An immediate objection to Eq.(3) could be raised: the
explicit appearance of the scalar potential Φ violates the
principle of gauge invariance. Since the electromagnetic
potentials in classical theory are believed to have no ob-
servable physical consequences the theory given by Eqns.
(2) and (3) would be untestable in this respect. It may
be pointed out that the observed Meissner effect is ex-
plained by Eq.(2). The gauge invariance in classical elec-
trodynamics is that only electric and magnetic fields de-
termine the physical quantities and the dynamical equa-
tions, whereas the potentials play the role of calculational
tools. The arbitrariness in the specification of the poten-
tials is embodied in the gauge transformations
A → A+∇χ (4)
Φ → Φ−
1
c
∂χ
∂t
(5)
such that the electric and magnetic fields are invariant
under this transformation
E = −∇Φ−
∂A
∂t
(6)
B = ∇×A (7)
2In quantum theory the well known Aharonov-Bohm ef-
fect [7] ascribes independent physical reality to the poten-
tials in nontrivial physical situations. The magnetic flux
quantization in a superconductor ring is an analogous
topological effect. The electric field screening implied
by Eq.(3) is neither a quantum effect nor a topological
one, therefore, here one cannot dispense with the con-
ventional argument denying reality to the potentials. Of
course, one could postulate fundamental physical reality
to the potentials and develop a new theory. The theory
discussed in [2] is not of this kind; it is a modification to
the conventional theory and must respect the principle
of gauge invariance.
The derivation of Eq.(3) in [2] lacks mathematical
rigour. Substituting (7) in Eq.(2)
∇× J = −
nse
2
mc
∇×A (8)
Hirsch argues that Eq.(8) can be written as
J = −
nse
2
mc
A (9)
Now taking the time-derivative in (9) and using the def-
inition (6) one gets Eq.(3).
What is wrong with this derivation since expression
(9) obviously satisfies Eq.(8)? The crucial point is that
proceeding from (8) to (9) is not identical with that from
(9) to (8). The arbitrariness involved in the curl of a
vector field demands that Eq.(8) is equivalent to
J+∇η = −
nse
2
mc
(A+∇ζ) (10)
Solution (9) is a restricted mathematically trivial solu-
tion, and on physical grounds one has to justify equat-
ing current density to a vector potential which has not
been done. Eq.(9) is not fixing a gauge, for example, in
Coulomb gauge the vector potential saisfies the condition
∇.A = 0 (11)
and in the Lorentz gauge one has the condition
∇.A+
1
c
∂Φ
∂t
= 0 (12)
restricting the allowed gauge transformation (4) and (5).
In Eq.(9) there is no gauge freedom.
Hirsch [2] states that ’the right-hand side of this equa-
tion is not gauge invariant, while the left-hand side is’
referring to Eq.(9). The meaning of this statement is not
clear: what is the gauge transformation of current den-
sity? I think Hirsch has in mind the Maxwell equation
4pi
c
J = ∇×B−
1
c
∂E
∂t
(13)
since the right-hand side of (13) is gauge invariant. How-
ever this is a superficial argument in the context of gauge
invariance of J. Seen in another way in a semiclassi-
cal approach it can be verified that Eq.(9) is gauge in-
variant. The probability current density multiplied by
electric charge can be interpreted as current density in
Schroedinger theory for electron wavefunction. General-
izing the gauge transformation (4) and (5) with a local
phase transformation
Ψ → Ψexp(
ieχ
h¯c
) (14)
Eq.(9) is gauge invariant using following expression for
the current density
J =
eh¯
2im
(Ψ∇Ψ∗ −Ψ∗∇Ψ) (15)
Note that the assumption that ΨΨ∗ could be interpreted
as number density ns is not a simple matter in the the-
ory of superconductivity. Thus the intermediate step (9)
makes Hirsch derivation unsound both mathematically
and physically.
An alternative to Eq.(1) can be obtained without in-
troducing potentials. Once again the difference in going
from Eq.(1) to Eq.(2) or from Eq.(2) to Eq.(1) is impor-
tant. Hirsch rightly notes that Eq.(2) can be obtained
from Eq.(1). Suppose Eq.(2) is postulated then taking
its time-derivative one obtains
∇×
∂J
∂t
= −
nse
2
mc
∂B
∂t
(16)
Using one of the Maxwell equations for ∂B
∂t
one gets
∇×
∂J
∂t
=
nse
2
m
∇×E (17)
A possible solution is
∂J
∂t
+ c2∇ρ =
nse
2
m
E (18)
setting arbitrariness in the electric field to be zero.
Eq.(18) replaces Eq.(1). In this case there is no gauge
invariance issue. Taking divergence of (18) and using the
current continuity equation and ∇.E = 4piρ one gets
∇
2ρ−
1
c2
∂2ρ
∂t2
= 4pi
nse
2
mc2
ρ (19)
Eq.(19) differs from Eq.(40d) in [2], however for vanishing
assumed constant charge density ρ0 both become identi-
cal.
In conclusion I make two remarks. First, mathemat-
ically unsound and conceptually tenuous approach in
Hirsch alternative superconductivity electrodynamics is
pointed out. Gauge non-invariance of the modified Lon-
don equation implies that the experimental test reported
in [1] cannot be improved by technical precision. It is
further suggested that a thorough scrutiny of Hirsch in-
teresting ideas is imperative to devise fruitful experimen-
tal tests. Secondly, in my opinion, radically new ideas
3to develop alternative superconductivity electrodynam-
ics could be explored. In the light of the significance of
gauge symmetry it would be interesting to revisit orig-
inal Weyl gauge theory; a new electrodynamics in the
generalized Weyl-Dirac theory [8] could be one such pos-
sibility, however further discussion on this is beyond the
scope of the present Comment.
ADDITIONAL NOTE
Hirsch in the abstract of his paper [2] regarding alter-
native equations (2) and (3) states that ’These equations
resemble equations originally proposed by London broth-
ers but later discarded by them’. It becomes very impor-
tant to study the original work; fortunately references
[9, 10] are accessible. A careful reading of [9] shows that
the paper is written with great clarity. Equation (7) in
this paper is interpreted in terms of charge density and
consequently what the authors term ’independent physi-
cal statement’ is given by their equation (10) reproduced
below
Λ(J˙+ c2∇ρ) = E (20)
The charge density determines electric field as usual
∇.E = ρ (21)
Here Λ = m
ne2
=
4piλ2
L
c2
. Obviously in this form Eq.(20) the
gauge invariance is a nonissue, and the objections raised
in the present comment do not arise. It is noteworthy
that the experimental test reported by London [10] is
based on this equation.
Proceeding further, the potentials are introduced as-
sumed to be proportional to the current and the charge
densities via Eq.(16) in [9] rendering Eq.(20) in the form
that is exactly the Hirsch equation (3). Curiously London
does not mention this version in the experimental test
[10]. A recent discussion on this experiment [11] seems
to ignore this subtle aspect. Relations (16) in [9] cannot
be justified in generality though the authors themselves
admit that they contain no dynamics. In gauge field the-
ories one finds an interesting result. Consider abelian
Higgs model. The nozero vacuum expectation value of
the scalar field leads to the vacuum current proportional
to Aµ.
Establishing current continuity based on the Lorentz
gauge condition is a superficial argument. In fact, formal
similarity of the antisymmetric tensor defined by Eq.(8)
in their paper and the definition of the electromagnetic
field tensor
Fµν = ∂µAν − ∂νAµ (22)
is not sufficient to equate current density 4-vector with
the potential 4-vector unless deeper physical implications
on the interpretation of electromagnetism as a fluid dy-
namics of some sort are envisaged [12].
I am grateful to Dr. A. Peronio for reference [11].
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